1. Introduction {#sec0005}
===============

Herbal medicine (botanical medicine) refers to using plants' roots, seeds, bark, leaves or flowers for medicinal purposes. As early as 3000 BCE ancient Chinese and Egyptian papyrus writings already described medicinal uses of plants \[[@bib0005],[@bib0010]\]. Nowadays herbal medicines are still widely used around the world, especially in Asian countries. If used correctly, some herbs could help ameliorate or treat a variety of conditions \[[@bib0015]\]. But some herbs are toxic at high doses or if used improperly \[[@bib0020],[@bib0025]\]; since herbal remedies usually consists of portions of plants or plant extracts which may have many constituents; and what specific ingredients can treat an illness or condition and which ones lead to the adverse effects are still not clearly known. The assumption that herbs are "natural" can be equated to "safe" is sometimes dangerously misleading, since some herbal medicines may contain pharmacologically active constituents which are associated with adverse effects ranging from gastrointestinal damage and allergic reactions to herbal hepatotoxicity or herb-induced liver injury \[[@bib0030], [@bib0035], [@bib0040], [@bib0045]\], and the central role of the liver in metabolism assumably accounts for its susceptibility to drug-induced injury \[[@bib0050]\]. At present herbal medicinal products continue to grow and are often used as home remedies or over-the-counter drugs; but many of the herbal medicines remain untested and their use are often not properly monitored, and also the safety of many herbal products is further compromised by insufficient quality controls and the lack of adequate patient information \[[@bib0055]\]; whereas public health issues and concerns involving herbal medicines' safety have been increasingly recognized. Thus, it is of great significance to accurately detect and evaluate herbal-medicine-induced hepatotoxicity or liver injury, since it would help provide effective monitoring method of the safety of herbal remedies and ensure adequate protection of public health.

In medicine, biomarkers refer to quantifiable characteristics of some biological or disease states; they can be traceable substances like metabolites and enzymes \[[@bib0060]\]. As a noninvasive optical imaging method, fluorescent imaging technique has been adopted for detecting biomarker in terms of medical diagnosis or preclinical research \[[@bib0065], [@bib0070], [@bib0075], [@bib0080], [@bib0085], [@bib0090]\]. Nonetheless, fluorescent detection method has limitations such as relatively low spatial resolution (diffuse-light-based imaging) and low penetration depth because of strong light scattering in deep tissue \[[@bib0095], [@bib0100], [@bib0105]\]. While optoacoustic (OA, also known as photoacoustic) imaging combines the good contrast and sensitivity attainable in optical imaging with the high resolution and deep penetration of ultrasound, and thus may avoid the shortcomings of conventional fluorescent imaging \[[@bib0110], [@bib0115], [@bib0120], [@bib0125], [@bib0130], [@bib0135], [@bib0140], [@bib0145], [@bib0150]\]. With pulsed-laser-light illumination (in in-vivo applications, longer NIR light wavelength would be beneficial, e.g. greater than 680 nm, because NIR light penetrates tissues more efficiently), because of light absorption, the probes undergo thermoelastic expansion and consequently generating ultrasound waves which are detected with ultrasound detector \[[@bib0155], [@bib0160], [@bib0165]\]. Hence, with OA imaging technique, noninvasive images of absorbed optical energy density in a region with the penetration depth up to several centimeters and a spatial resolution of around 100 μm can be obtained \[[@bib0155],[@bib0160]\]. Optoacoustic tomography shows great potential for preclinical research and clinical practice \[[@bib0155],[@bib0160]\]. More importantly, as the functional optoacoustic tomography, multispectral optoacoustic tomography (also known as MSOT) imaging technique is unaffected by photon scattering thus can providing high-resolution images deep inside biological tissues; and more importantly upon reconstruction from the collected 2D cross-sectional images, images with 3D information can be achieved \[[@bib0170], [@bib0175], [@bib0180], [@bib0185]\], which is beneficial for precisely locating the focus of disease through detecting biomarkers with 3D information.

Currently hepatic toxicity of herbal medicines is usually detected via serum assay by measuring the significant elevation of some biomarker enzymes in serum including alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase (ALP) as well as obvious liver histologic damage. However, many biomarkers are located in multiple organs or tissues besides the disease focus, which would erode the detection specificity of serum assay \[[@bib0190],[@bib0195]\]. For example, the ALT enzyme is found in serum and multiple organ tissues especially liver, and significant concentrations are also found in kidney, skeletal muscle, and myocardium; lower levels of ALT are present in pancreas, spleen, and lung. The levels of serum ALT may be elevated in cases of liver or biliary duct damage, hepatitis, congestive heart failure or myopathy \[[@bib0190]\]. Hence, elevation in serum ALT does not necessary mean it is of hepatic origin. Whereas with MSOT imaging method, the elevation of the biomarker level at the specific organ (or tissue) can be spatially localized by using activatable optoacoustic probe, thereby greatly reducing the risks of false-positive signals.

Drug-induced liver injury often involves the intrinsic hepatotoxicity of the drug itself or, more frequently, the result of the toxic effects of its metabolites on vital cellular targets of liver. Drugs in the liver undergo enzymatic biotransformation which would generate reactive oxygen species (ROS) and reactive nitrogen species (RNS) \[[@bib0195]\]. The production of ROS and RNS (e.g. nitric oxide) accordingly results in intrahepatic oxidative/nitrosative stress, which contributes to initiation and progression of liver injury \[[@bib0195], [@bib0200], [@bib0205]\]. Thus ROS and RNS may act as alternative superior biomarker of drug-induced liver injury \[[@bib0205], [@bib0210], [@bib0215]\]. The ROS or RNS are short-lived and have half-lives typically of less than a second, which precludes their detection in serum and necessitates the in-situ detection at their sites of generation \[[@bib0215]\]. As the main components of some herbal medicines, anthraquinone and its derivatives are known to have the ability to oxidize glutathione (GSH) and thus depleting GSH significantly, which would result in oxidative stress and/or nitrosative stress through the overproduction of ROS and RNS and thereby lead to high hepatotoxicity \[[@bib0220],[@bib0225]\]. Polygonum multiflorum (PM) is one of the most popular perennial Chinese herbal medicines, which has been officially listed in the Chinese Pharmacopoeia \[[@bib0230]\]. Its root tuber has been used as tonic and anti-aging agent (e.g. for treating premature gray hair and hair loss) \[[@bib0235],[@bib0240]\]. However, PM mainly contains anthraquinone derivatives such as emodin and physcion, which have been found to induce heptatoxicity \[[@bib0245],[@bib0250]\]. Therefore, ROS or RNS generated at the liver by herbal medicine like PM can be employed as a biomarker for detecting the herbal-medicine-induced liver injury (HILI).

In this study, we designed an optoacoustic nanoprobe for in vivo imaging hepatic injury induced by herbal medicine (PM) via specifically responding to the upregulated level of nitric oxide (NO) in liver induced by PM, and with MSOT imaging the precise location of liver injury can be identified. The liposomal nanoprobe consists of a near-infrared (NIR) dye (IX-2NH~2~) as the responsive probe which could specifically respond to NO and the diketopyrrolopyrrole (DPP)-based conjugated polymer (DPP-TT) with NIR absorption as the internal reference. Furthermore, to afford the liver targeting capability for the nanoprobe, a bile acid modified and hepatocyte-targeting phospholipid DSPE-PEG2000-ChA was used. In the presence of NO, when the responsive dye (IX-2NH~2~) reacts with NO, its NO-responsive unit diamino-containing xanthene turns into the triazole-containing xanthene and thereby generate the reaction product (IX-TAZ), accordingly the strong electron-donating diamino-containig xanethene group transforms into a weak electron-donating one (triazole-containig xanethene group), which correspondingly leads to the blue-shift of absorption and eventually lead to the significant changes in optoacoustic signaling. By using the optoacoustically-stable DPP-based conjugated polymer as the internal reference whose optoacoustic signal remains constant in physiological conditions, we can realize ratiometric optoacoustic detection of herbal-medicine-induced liver injury with 3D information in mouse model in a noninvasive way. The schematic illustration displaying the detection mechanism is shown in [Fig. 1](#fig0005){ref-type="fig"}. And the experimental results indicate that, the nanoprobe can respond quickly to NO and provide 3D spatial information of herbal-medicine-induced liver injury.Fig. 1Schematic illustration for the nanoprobe's detection of liver injury via responding to hepatic NO. (a) Formation of the nanoprobe consisting of the responsive dye IX-2NH~2~ and the conjugated polymer DPP-TT. (b) Absorption spectra of the liposomal IX-2NH~2~ nanoparticle, the liposomal DPP-TT nanoparticle and the nanoprobe. (c) TEM image of the nanoprobe. (d) Particle diameter distribution (DLS) for the nanoprobe. (e) Schematic presentation of herbal medicine (PM) induced NO upregulation in liver of mouse / subsequent liver injury and the nanoprobe's detection of liver injury via responding hepatic NO by MSOT imaging in a ratiometric way.Fig. 1

2. Materials and methods {#sec0010}
========================

2.1. Preparation of the nanoprobe {#sec0015}
---------------------------------

First, the conjugated polymer DPP-TT (1 mg) was dissolved in THF (1 mL) by bath sonication and then filtered through a polyvinylidene fluoride (PVDF) syringe driven filter (0.22 μm) (Millipore). Then to the resultant solution, IX-2NH~2~ (0.6 mg), DSPE-PEG~2000~ (2.0 mg) and DSPE-PEG~2000~-ChA (0.5 mg) were successively added and dissolved. Afterwards, the above solution containing DPP-TT, IX-2NH~2~ and DSPE-PEG~2000~ was rapidly injected into deoxygenized distilled-deionized water (9 mL) under continuous sonication for 5 min. After that, THF was evaporated at room temperature under reduced pressure. The aqueous solution was filtered through a polyethersulfone (PES) syringe driven filter (0.22 μm) (Millipore), and washed three times with water under centrifugation at 4000 rpm for 5 min at 4 °C. Finally, the nanoprobe were re-suspended in the phosphate buffer (or water for the concentration determination) and stored in dark at 2--8 °C. The liposomal IX-2NH~2~ nanoparticles (the nanoparticles containing IX-2NH~2~ alone and without DPP-TT) or liposomal DPP-TT nanoparticles (the nanoparticles containing DPP-TT alone and without IX-2NH~2~) were also prepared with similar procedures and only without addition of DPP-TT or IX-2NH~2~ respectively.

2.2. Mice model of INH-induced liver injury {#sec0020}
-------------------------------------------

All experiments involving animals were maintained under standard conditions and conducted in Laboratory Animal Center of South China Agricultural University; the experimental protocols have been approved by the Animal Ethics Committee of South China Agricultural University according to the guidelines for the care and use of laboratory animals. Male mice were divided into groups with six mice per group randomly, considering the sufficient replication of results and a reduction in animal number. Groups of male BALB/c nude mice (7 weeks old) were randomly selected for the following treatments. Animals were fasted for 8 h before all drug-induced hepatotoxicity imaging. Animals were injected intraperitoneally with sterilized saline solutions of isoniazid hydrazide (INH) (50, 100 or 200 mg/kg) for 3 h. The blood of the mice was collected for performing blood biochemical assay using ALP Elisa kits, and the livers were collected for histological analysis. Before dissection operation, the mice were euthanized humanly via being exposed to carbon dioxide in a rising concentration.

2.3. Mice model of herbal medicine induced liver injury {#sec0025}
-------------------------------------------------------

Male mice were divided into groups with six mice per group randomly. Groups of male BALB/c nude mice (7 weeks old) were selected randomly for the following treatments. Animals were subjected to oral gavage administration of PM extract (the herbal crude drug (the roots of PM) was used to make the extract, with the dose of 18.5 g/kg (per kilogram of mouse body weight, in terms of herbal crude drug) once each day via oral gavage for continuous 1, 2 or 3 week(s). Animals were fasted for 8 h before imaging. Before dissection operation, the mice were euthanized humanly via being exposed to carbon dioxide in a rising concentration.

2.4. Optoacoustic tomography imaging {#sec0030}
------------------------------------

Optoacoustic imaging was conducted on an inVision128 multispectral optoacoustic tomographic (MSOT) imaging system (iThera Medical GmbH). As for phantom experiments, the test solution or the control (PBS) were filled fully in a commercial Wilmad NMR tube and were fixed respectively on the holder of the instrument. In vitro optoacoustic images of the nanoprobe in the presence of NO of varied concentrations were acquired (DPP-TT's signal at 795 nm and IX-2NH~2~'s signal at 693 nm). As for in vivo optoacoustic imaging of drug-induced hepatotoxicity model, the mouse was anesthetized with 1% isoflurane which was delivered through a nose cone for the duration of the experiments. As for INH induced liver injury experiment, the mice were injected intravenously with liposomal IX-2NH~2~ nanoparticles (IX-2NH~2~ concentration 2.62 mg/kg). Similarly, the mice were intravenously injected with 23.6 mg/kg of the nanoprobe (which contains 2.62 mg/kg IX-2NH~2~ and 3.1 mg/kg DPP-TT) for the herbal medicine-induced hepatotoxicity model. The mice were placed in the prone position in water bath at 34 °C, and the anaesthesia and oxygen were supplied via a breathing mask. The following imaging wavelengths were selected for being in correspondence with the absorption spectra of IX-2NH~2~, DPP-TT and hemoglobin: 680 nm, 693 nm, 715 nm, 730 nm, 760 nm, 795 nm, 800 nm (used as background wavelength) and 850 nm. 10 individual frames were recorded for each wavelength. The in vivo optoacoustic images were acquired at 20 min after the nanoprobe injection by using the multispectral optoacoustic tomography system. A region of interest (ROI) volume consisting of transverse slices with a step size of 0.5 mm, which spans through the liver region, was chosen by manual inspection of live MSOT images. Guided ICA spectral unmixing in the imaging system was used to separate signals from IX-2NH~2~, DPP-TT (no DPP-TT for INH-induced hepatotoxicity model) and those from the photo-absorbing tissue elements (e.g. hemoglobin). In in-vivo mouse optoacoustic imaging experiments, and for each group six mice were tested.

3. Results and discussions {#sec0035}
==========================

3.1. Synthesis and fabrication of the nanoprobe {#sec0040}
-----------------------------------------------

To construct the nanoprobe, first the responsive dye (IX-2NH~2~) was synthesized by coupling the diamino-containing xanthene with indolium; while the conjugated polymer was synthesized via Stille coupling between 3,6-bis(5-bromo-2-thienyl)-2,5di*-n-*octylpyrrolo\[3,4-c\]pyrrole1,4-dione and 2,5-bis(trimethylstannyl)thieno\[3,2-*b*\]thiophene. The synthetic routes for the responsive dye (IX-2NH~2~) as well as the conjugated polymer are shown in Scheme S1. The bile acid modified and hepatocyte-targeting phospholipid DSPE-PEG2000-ChA was prepared previously \[[@bib0255]\]. And the intermediate compounds and the responsive dye were characterized by ^1^H NMR and mass spectrometry (MS) (Fig. S1-S6). The conjugated polymer was characterized by ^1^H NMR; the molecular weight and its polydispersity of the conjugated polymer DPP-TT was measured by GPC (Fig. S7-S8). Afterwards the responsive dye and the conjugated polymer were encapsulated in phospholipid liposomes to enhance the solubility in blood, thus affording the nanoprobe. To ensure the liver-targeting capability of the nanoprobe, the cholic acid-modified phospholipid DSPE-PEG~2000~-ChA (20 wt% in total lipids) was used together with DSPE-PEG~2000~ (80 wt% in total lipids) during the preparation of the nanoprobe. As for the nanoprobe, the contents of the responsive dye IX-2NH~2~ and the conjugated polymer DPP-TT were determined as 11.1 wt% and 13.1 wt% respectively. Typical transmission electron microscopic (TEM) image and the diameter distribution determined by dynamic light scattering are shown in [Fig. 1](#fig0005){ref-type="fig"}c and d respectively, it is clear that the average hydrodynamic diameter of the nanoprobe is about 42 nm, slightly larger than the size of the dried particles (around 40 nm).

3.2. Spectral properties and NO response of the responsive dye, the liposomal DPP-TT and the nanoprobe {#sec0045}
------------------------------------------------------------------------------------------------------

First the spectral properties of the responsive dye were investigated. In the absence of NO, the responsive dye (IX-2NH~2~) solution exhibited absorption at around 693 nm (Fig. S9b and [Fig. 1](#fig0005){ref-type="fig"}b), and it also exhibited the highest optoacoustic signal at 693 nm (Fig. S9c); while in the presence of NO, after the dye's reaction with NO (the reaction product IX-TAZ) (Fig. S9a), the absorption blue-shifted to around 590 nm (Fig. S9b) and the absorption at 693 nm along with the OA signal at 693 nm decreased significantly (Fig. S9b and c). In the meantime, the fluorescence of the dye was also quenched in the presence of NO (Fig. S9d). Moreover, the responsive dye exhibited quite good selectivity toward NO (Fig. S9e). Thus the responsive dye can act as a turn-off detector for NO both optoacoustically and fluorescently. To confirm the dye's response mechanism toward NO, High Performance Liquid Chromatography (HPLC) was performed to analyze the reaction between NO and the dye. As displayed in Fig. S10a, as for the solution containing only the dye, the peak at 2.57 min that corresponds to the dye molecule could be observed. While upon the dye's reaction with NO, a new peak at 1.75 min appeared, which corresponds to the reaction product (IX-TAZ), and in the meantime the peak at 2.57 min decreased as the reaction time was increased; when the reaction was completed, the peak at 2.57 min disappeared, while that at 1.75 min further enhanced. In addition, the mass spectrum of the reaction mixture between the dye IX-2NH~2~ and NO was also measured, as shown in Fig. S10b. Upon reaction between the dye and NO, in the reaction mixture the molecular weight peak at *m/z* 398.3 (\[M\]^+^) corresponding to the probe molecule and the peak at *m/z* 409.2 (\[M\]^+^) corresponding to the reaction product could be observed. These results demonstrate that, upon reaction with NO, the dye molecule transforms the diamino-containing dye (IX-2NH~2~) to the triazole-contianing compound (IX-TAZ).

Next we measured the spectral properties of the liposomal conjugated polymer DPP-TT. It can be seen that liposomal DPP-TT exhibited an absorption band centering around 795 nm (Fig. S11), its OA signal also was the highest at 795 nm (Fig. S12a), and the polymer's OA signal showed a linear relationship to the polymer content (Fig. S12b). In the ratiometric OA nanoprobe, the role of the conjugated polymer is to act as the internal reference, which requires that it should have constant OA signal. Experimental results show that, the polymer displayed constant OA signal in the presence of various possible interfering species as well as in the wide range of pH values (Fig. S12c-d), which makes it a good candidate for serving as the internal reference.

And then the spectral properties of the nanoprobe were evaluated. In the absence of NO, the nanoprobe displayed two absorption bands centering at 693 nm and 795 nm respectively, which corresponded to the responsive dye and the conjugated polymer respectively ([Figs. 2](#fig0010){ref-type="fig"}a and [1](#fig0005){ref-type="fig"} b). In the presence of NO and as the NO level was increased or the reaction time was lengthened, the absorption at 693 nm decreased steadily, while that at 795 nm kept constant, indicating that the responsive dye IX-2NH~2~ reacted with NO ([Fig. 2](#fig0010){ref-type="fig"}a and Fig. S13). The absorption ratio (A~795~/A~693~) of the nanoprobe increased gradually as NO concentration or the reaction time was increased ([Fig. 2](#fig0010){ref-type="fig"}b and Fig. S13), correspondingly the optoacoustic signal ratio (OA~795~/OA~693~) of the nanoprobe enhanced with the increasing NO level ([Fig. 2](#fig0010){ref-type="fig"}d); the reaction between the nanoprobe and NO was completed within 4 min (Fig. S13); and the optoacoustic images of the nanoprobe in phantom at varied NO concentrations showed similar pattern ([Fig. 2](#fig0010){ref-type="fig"}c). Furthermore, the nanoprobe exhibited specific response toward NO with quite good selectivity ([Fig. 2](#fig0010){ref-type="fig"}e--f). These results establish that, the nanoprobe could serve as a good ratiometric detection system for in-vivo imaging of NO.Fig. 2(a) Absorption spectra of the nanoprobe (23.6 μg/mL) upon addition of NO with different concentrations for 4 min (DEA-NONOate was used as the NO donor). (b) Absorbance ratio (A~795~/A~693~) of the nanoprobe as a function of NO concentration. (c) Optoacoustic images of the nanoprobe in phantom with different NO concentrations (reaction time 4 min). (d). Optoacoustic signal ratio (O~A795~/OA~693~) of the nanoprobe as a function of NO concentration. (e) Optoacoustic response (optoacoustic signal ratio OA~795~/OA~693~) of the nanoprobe in the presence of 80 μM NO or a potential interference substance (80 μM of H~2~O~2~, HClO, HO⋅, NO^3−^, NO^2-^, O^2-^ or AA) (n = 3). (f) Optoacoustic response (optoacoustic signal ratio OA~795~/OA~693~) of the nanoprobe in the presence of 80 μM NO and simultaneously in the presence of a potential interference substance (80 μM of H~2~O~2~, HClO, HO⋅, NO^3−^, NO^2-^, O^2-^ or AA) (n = 3).Fig. 2

3.3. Cytotoxicities of IX-2NH2, liposomal DPP-TT and the nanoprobe, and IX-2NH2′s response toward NO in living cells {#sec0050}
--------------------------------------------------------------------------------------------------------------------

The cytotoxicity measurements were carried out by using L929 cell line (which is known to have no expression of NO), HepG2 cell line and RAW264.7 cell line (which are known to have expression of NO) by MTT assay (in accordance with ISO 10993-5), and the results are displayed in Fig. S14a and Fig. S15. As for the responsive dye IX-2NH~2~, it is clear that no obvious reduction in cell viabilities could be observed for all these cell lines treated with the dye even at the concentration of up to 50 μM, confirming that the responsive dye is suitable for live cell imaging. And also the conjugated polymer DPP-TT and the nanoprobe both exhibited little cytoxicities as well (Fig. S15).

As for L929 cells treated with the responsive dye, strong red fluorescence could be observed (Fig. S14b), because this cell line has no expression of NO. While for HepG2 and RAW264.7 cells, upon incubation with the responsive dye, red fluorescence was less strong than that in L929 cells (Fig. S14b). As for RAW264.7 cells upon stimulation with lipopolysaccharide (LPS), almost no red fluorescence could be observed due to the generation of NO upon LPS stimulation (Fig. S14b). However, when RAW264.7 cells were first treated with LPS and then with NO inhibitor PTIO, it can be seen that, the strong red fluorescence was restored in the cells (Fig. S14b). The results indicate that the fluorescence quenching in RAW264.7 cells is indeed triggered by the endogenously-generated NO.

3.4. Optoacoustic and fluorescent imaging of isoniazid-induced liver injury by liposomal IX-2NH2 nanoparticles {#sec0055}
--------------------------------------------------------------------------------------------------------------

To confirm the responsive dye IX-2NH~2~ can detect liver injury in vivo via responding to hepatic NO, it was evaluated experimentally by use of isoniazid-induced liver injury mice model which could cause hepatic NO increase. For this purpose and to ensure solubility in blood and liver-targeting capability, the responsive dye IX-2NH~2~ was loaded into phospholipids (20 wt% of DSPE-PEG~2000~-ChA and 80 wt% of DSPE-PEG~2000~), thus affording the liposomal IX-2NH~2~ nanoparticles. In order to determine the optimal time point for collecting optoacoustic data in the subsequent experiments, we first used optoacoustic imaging to evaluate the metabolism kinetics of the liposomal IX-2NH~2~ nanoparticles. The liposomal IX-2NH~2~ nanoparticles were intravenously injected into mice via tail vein, and then optoacoustic tomography imaging was performed; afterwards the cross-sectional images of the optoacoustic signal obtained via multispectral demixing were employed to evaluate the metabolism kinetics of the nanoparticles, and the results are shown in [Fig. 3](#fig0015){ref-type="fig"}. As for the cross section corresponding to the liver region (namely that corresponding to the cryosection image of male mouse in [Fig. 3](#fig0015){ref-type="fig"}i), upon i.v. injection of liposomal IX-2NH~2~ nanoparticles, the OA signal of IX-2NH~2~ increased gradually within 20 min ([Fig. 3](#fig0015){ref-type="fig"}a), as can be seen from the mean signal intensity for the region of interest (ROI) as a function of time ([Fig. 3](#fig0015){ref-type="fig"}b). After 25 min upon i.v. injection of the nanoparticles, the OA signal gradually decreased over time and the signal completely disappeared 24 h later ([Fig. 3](#fig0015){ref-type="fig"}e--f). From this figure, the signal increased and decayed in the liver area can be clearly evaluated. This process actually involves two aspects: on one hand, upon i.v. injection the nanoparticles reached and accumulated in the liver through metabolism and generated OA signal upon excitation; on the other hand, the nanoparticles also underwent metabolic clearance from the liver. The results indicate that, 20 min would be the time when most of the nanoparticles reached the liver right before the beginning of obvious clearance; hence in subsequent experiments 20 min (after injection of the detection systems) was chosen as the time point for measuring optoacoustic or fluorescent signals for detecting liver injury. Although the intrinsic hepatic NO in healthy mice (at low concentration) would react with IX-2NH~2~ during the whole metabolic process; for facilitating analysis, this minor effect was ignored in the following in-vivo imaging experiments. In addition, at 20 min after i.v. injection of liposomal IX-2NH~2~ nanoparticles, the fluorescence images for the excised main organs of the mouse were also recorded ([Fig. 3](#fig0015){ref-type="fig"}c), these images indicate that only the liver exhibited strong fluorescence. Both the optoacoustic and fluorescent signal intensities for the major organs at 20 min after i.v. injection of liposomal IX-2NH~2~ nanoparticles also showed that only the liver had strong signal ([Fig. 3](#fig0015){ref-type="fig"}d), indicating the liposomal IX-2NH~2~ nanoparticles mainly reside in the liver probably due to the existence of the liver-targeting DSPE-PEG~2000~-ChA. Moreover, the images at different cross sections for the mice injected with the liposomal IX-2NH~2~ nanoparticles are displayed in [Fig. 3](#fig0015){ref-type="fig"}g--h to reflect the OA signal intensities at different cross sections and the corresponding cryosection images of mouse are shown in [Fig. 3](#fig0015){ref-type="fig"}i--j; from these images it is clear only the liver region displayed strong OA signal, the result again confirmed that the nanoparticles mainly resided in the liver.Fig. 3Metabolism kinetics of liposomal IX-2NH~2~ nanoparticles. (a) Representative cross sectional MSOT images of the mouse upon i.v. injection of liposomal IX-2NH~2~ nanoparticles. (b) OA signal intensity as a function of time (corresponding to the images in a). (c) Representative fluorescence images for the excised main organs of the mouse at 20 min after i.v. injection of liposomal IX-2NH~2~ nanoparticles (top row from left to right: heart, liver; bottom row from left to right: spleen, lung, kidney). (d) Optoacoustic signal and fluorescent signal intensity of the excised main organs of the mouse at 20 min after i.v. injection of liposomal IX-2NH~2~ nanoparticles. (e) Representative cross sectional MSOT images of the mouse upon i.v. injection of liposomal IX-2NH~2~ nanoparticles. (f) OA signal intensity as a function of time (0 min corresponding to the images in a; 12 h and 24 h corresponding to the images in e). (g) and (h) Different cross sectional MSOT images recorded at 20 min after i.v. injection of liposomal IX-2NH~2~ nanoparticles. (1: spinal cord, 2: aorta, 3: liver, 6: kidney, 7: spleen). (i) and (j) cryosection image of a male mouse (corresponding to those in g and h respectively).Fig. 3

On the basis of the above experimental results, isoniazid (isonicotinyl hydrazide, referred to as INH) which is an antibiotic clinically used for the treatment of tuberculosis, was used to induce liver injury in mice for evaluating liposomal IX-2NH~2~'s capability of detecting the changes of hepatic NO. Isoniazid is known to be metabolized by hepatic N-acetyltransferase and cytochrome P450 to increase hepatic NO and further produce hepatotoxins, thereby leading to liver injury and even hepatitis \[[@bib0260], [@bib0265], [@bib0270]\]. Isoniazid was administered intraperitoneally to male nude mice, followed by i.v. injection of liposomal IX-2NH~2~ nanoparticles. As shown in [Fig. 4](#fig0020){ref-type="fig"}, upon the treatment of isoniazid with different doses \[[@bib0215],[@bib0275],[@bib0280]\], and as the dosage is increased, the OA signal of IX-2NH~2~ in the liver region steadily decreases ([Fig. 4](#fig0020){ref-type="fig"}a-b), which indicates that treating a mouse with higher isoniazid dose would cause more severe liver damage; MSOT images with 3D information also clearly showed similar pattern ([Fig. 4](#fig0020){ref-type="fig"}g and Fig. S16); and these results indicate that the responsive dye IX-2NH~2~ acts as a turn-off optoacoustic probe for detecting liver damage via responding to hepatic NO. The fluorescent imaging for the mice upon isoniazid treatment was also conducted. It can be seen that, upon isoniazid treatment the mice exhibits decreasing fluorescent signal at abdominal area, as the isoniazid dosage is increased ([Fig. 4](#fig0020){ref-type="fig"}c-d). The serum ALP level of the mice increased as the drug dosage is increased ([Fig. 4](#fig0020){ref-type="fig"}e), which confirms the increasing severity of liver injury. Moreover, histological studies of the liver's tissue sections were conducted through H&E staining, as shown in [Fig. 4](#fig0020){ref-type="fig"}f and Fig. S17; histological examination of the stained liver tissue indicates obvious liver damages induced by the drug isoniazid.Fig. 4Optoacoustic imaging of INH-induced liver injury by liposomal IX-2NH~2~ nanoparticles. (a) Representative cross sectional MSOT images of the mouse treated with different doses of INH for 3 h, and the images were recorded at 20 min after the injection of liposomal IX-2NH~2~ nanoparticles. (b) OA signal intensity as a function of INH dosage (corresponding to the images in a). (c) Representative fluorescence images of the mice treated with different doses of INH for 3 h, and the images were recorded at 20 min after the injection of liposomal IX-2NH~2~ nanoparticles. (d) Fluorescence signal intensity as a function of INH dosage (corresponding to the images in c). (e) Serum ALP level as a function of INH dosage for the mice treated with different doses of INH for 3 h. (f) Representative histological sections (H&E staining) for main organs of the mice treated with different INH dosage. (g) Representative MSOT images (orthogonal views) with 3D information for the control and the mice treated with 200 mg/kg of INH for 3 h, and the images were recorded at 20 min after injection of liposomal IX-2NH~2~ nanoparticles.Fig. 4

3.5. The nanoprobe's in-vivo toxicity and MSOT images with 3D information of herbal-medicine-induced liver injury in mouse model {#sec0060}
--------------------------------------------------------------------------------------------------------------------------------

Compared with the turn-on mode imaging, ratiometric optoacoustic imaging involves the simultaneous measurement of two optoacoustic signals followed by calculation of their intensity ratio, and a few ratiometric nanoprobes for optoacoustic imaging have been developed for realizing more precise analysis \[[@bib0285], [@bib0290], [@bib0295], [@bib0300], [@bib0305], [@bib0310], [@bib0315]\]. Based on the above experimental results, it is clear that the responsive dye IX-2NH~2~ could serve as a selective turn-off probe for detecting hepatic NO level in vivo thereby imaging drug-induced liver damage, and the liposomal nanoparticles made with the liver-targeting phospholipid (DSPE-PEG~2000~-ChA) can efficaciously target the liver, which pave the way for using the nanoprobe to ratiometrically detect liver injury induced by herbal medicine (PM). Before employing the nanoprobe for ratiometrically detect herbal-medicine-induced liver injury via MSOT imaging, we first assessed the in-vivo toxicity of the nanoprobe by conducting serum biochemistry and organ histology as well as measuring the body weight of mouse. From Fig. S18, it is clear that no significant differences in the body weight could be observed for different mice groups, namely the control group (healthy mice) and the treatment groups that were intravenously injected with the nanoprobe or liposomal IX-2NH~2~ nanoparticles. As for serum biochemistry, the measured parameters include the representative parameters such as total bilirubin (TBIL), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) that reflect the liver function, as well as those reflecting kidney function including creatinine (CREA), serum urea (UREA) and blood urea nitrogen (BUN); and the results are shown in Fig. S19. For the control group and the treatment groups, these serum parameters are quite similar, confirming that the nanoprobe's in-vivo toxicity is insignificant. Furthermore, histological studies were conducted via H&E staining for the tissue sections of the major organs (heart, liver, lung, spleen and kidney) of the control group (healthy mice) and the treatment groups i.v. injected with the nanoprobe or liposomal IX-2NH~2~ nanoparticles; and the results are displayed in Fig. S20. Clearly no obvious histopathological abnormalities can be observed among the three groups; these results again confirm that the nanoprobe has little in-vivo toxicity.

Next, polygonum multiflorum (PM), whose roots has been a popular herbal remedy for anti-aging and low libido and which is known for possible hepatotoxicity, was utilized to induce liver injury in this study. As for therapeutic drugs, the dose conversion or translation from animal to human or vice versa can be made \[[@bib0320], [@bib0325], [@bib0330], [@bib0335], [@bib0340], [@bib0345]\]. The herbal crude drug are the from PM's roots, and the dried powder from extracts of herbal crude drug was dispersed in 0.5% carboxymethyl cellulose sodium salt aqueous solution for oral gavage administration; the dosage of 18.5 g/kg (in terms of herbal crude drug) was used in the mouse model in this study, and was administered via oral gavage in mice every day for 7, 14 or 21 days. This dose is equivalent to 15 times of the upper dose for human stipulated in Chinese Pharmacopoeia \[[@bib0230],[@bib0320],[@bib0325]\]. Then the multispectral optoacoustic tomography (also known as MSOT) imaging technique was used to detect the herbal-medicine-induced liver injury (HILI) through imaging the changes of hepatic NO; and the results are shown in [Fig. 5](#fig0025){ref-type="fig"}, [Fig. 6](#fig0030){ref-type="fig"}. The cross-sectional images reconstructed from the MSOT signals from the mice for different treatment time (herbal medicine treatment) were obtained at 20 min after the nanoprobe was injected intraveneously via tail vein. By multispectral demixing, the MSOT images include: the background image (as an anatomical reference); the overlay of the conjugated polymer's (DPP-TT) image with the background; the overlay of the IX-2NH~2~'s image with the background; and the superposition of the DPP-TT's image, the IX-2NH~2~'s image and the background. As for the control group of mice which were not treated with the herbal medicine, 20 min upon injection of the nanoprobe, strong signals from DPP-TT and IX-2NH~2~ could be observed. As for the mice groups that were treated with herbal medicine, as the treatment time increased from one week to three weeks, the DPP-TT's OA signal kept constant; while the IX-2NH~2~'s signal almost remained strong for the groups with the treatment time of one week, but for the group with the treatment time of two or three weeks IX-2NH~2~'s signal decreased steadily. The results indicate that, as the treatment time is lengthened, hepatic NO increased and liver injury is caused by the herbal medicine for the relatively long term of treatment ([Fig. 5](#fig0025){ref-type="fig"}a--b). Through referring to a cryosection image of a male mouse ([Fig. 3](#fig0015){ref-type="fig"}i), it is clear that the OA signals of both DPP-TT and IX-2NH~2~ are in the liver area. The mice' serum ALP level also increased as the treatment time was lengthened ([Fig. 5](#fig0025){ref-type="fig"}c). And histological studies of the liver tissue sections confirm that, for the treatment time of one week, no liver damage can be observed; and slight liver damage can only be observed in the mice with the treatment time of two weeks; while significant liver damage is clear with the treatment time of three weeks ([Fig. 5](#fig0025){ref-type="fig"}d).Fig. 5(a) Representative cross sectional MSOT images of the control and the mice treated by herbal medicine for different time, and the images were recorded at 20 min after injection of the nanoprobe. (b) OA signal ratio as a function of treatment time (corresponding to the images in a), OA~DPP-TT~/OA~IX-2NH2~ = \[(OA~DPP-TT~)~time~ / (OA~DPP-TT~)~control~\] / \[(OA~IX-2NH2~)~time~ / (OA~IX-2NH2~)~control~\]. (c) Serum ALP levels of the control and the mice treated with herbal medicine for different time. (d) Representative histological sections (H&E staining) for the liver of the mice treated with the herbal medicine for different time (scale bar: 20 μm).Fig. 5Fig. 6MSOT images (orthogonal views) with 3D information. (a) Representative MSOT images of the control mice group. (b) Representative MSOT images the mice group treated with herbal medicine for three weeks. The images were recorded at 20 min after the injection of the nanoprobe.Fig. 6

The MSOT images with 3D information for the mice groups with or without herbal-medicine treatment are shown in [Fig. 6](#fig0030){ref-type="fig"}. The images were obtained from multiple cross-sectional slices via using the ViewMSOT software supplied with the system; and these images with 3D information allow for the volumetric visualization of specific signals inside the mice. As for the control group (the mice that did not undergo herbal medicine treatment) ([Fig. 6](#fig0030){ref-type="fig"}a), the OA signals of both the DPP-TT and IX-2NH~2~ are very strong, indicating there was no liver injury since heptatic NO didn't increase. As for the mice that underwent treatment with the herbal medicine for three weeks ([Fig. 6](#fig0030){ref-type="fig"}b), the signal of DPP-TT remained constant, while that of IX-2NH~2~ decreased significantly, indicating obvious liver damage has been caused. The injured liver can be visualized clearly, and it can be seen that the volume of the injured liver is quite large. In addition, the response of the nanoprobe towards the herbal-medicine treatment for three weeks is shown in [Fig. 6](#fig0030){ref-type="fig"}b, which indicates that treating a mouse with the herbal medicine for a relatively long period (three weeks) would cause liver damage. Moreover, histological analysis of liver sections from the mice before and after herbal-medicine treatment ([Fig. 5](#fig0025){ref-type="fig"}d and Fig. S21) offers further evidence that, the herbal-medicine-treated mice upon three weeks' treatment suffered obvious hepatic injury. Altogether the results indicate that, the elevated hepatic NO as a result of liver injury induced by herbal medicine can be detected by MSOT imaging in a temporal and spatial manner.

In summary, for the first time we have successfully developed the ratiometric optoacoustic nanoprobe for imaging herbal-medicine induced liver injury via detection of hepatic NO. Moreover, with MSOT imaging and by using the nanoprobe, the precise location of liver injury can be identified in real time. We suppose this strategy may serve as a promising approach for evaluating adverse effects related to herbal-medicine treatments via detecting variations of other biomarkers in vivo, as well as for monitoring the safety of herbal medicine.
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